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Abstract
The fragipan layer in the soil is a naturally occurring subsurface layer that restricts water
percolation as well as inhibits root growth. A fragipan layer can be found almost ubiquitously
across Southwestern Kentucky. This limits how agriculturalists manage soils in this area. It has
been recently discovered by the University of Kentucky that Annual Ryegrass roots produce 3,4
dihydroxyphenylpropionic acid (DHPPA) that reacts with this hardpan to weaken the layer.
Certain bacteria, such as Escherichia coli, Lactobacilli, and Bifidobacteria can also synthesize
DHPPA through a breakdown process of chlorogenic acid. This reaction typically happens in the
human digestive tract. The objective of this study was to evaluate a biological solution to
fragipan remediation through microbial activity. This experiment consisted of four treatments,
each replicated three times. Soil samples from the fragipan layer were taken into the lab where
they were treated in the following ways: control (all treatments applied to Bt soil horizon) (T0),
annual ryegrass alone (T1), various bacteria species with coffee and tea grounds (T2), and various
bacteria species with coffee and tea grounds and annual ryegrass (T3). Treatments were applied
periodically to ensure that bacterial populations remained adequate and active. The bulk density,
oven-dry mass, and air-dry mass of the soil samples were measured biweekly. This was
completed to monitor the process of fragipan structure degradation. All data was statistically
analyzed using Microsoft Excel. This study indicates no significant effect of the treatments
(annual ryegrass, various bacteria species with coffee and tea grounds, and various bacteria
species with coffee, tea grounds and annual ryegrass) on bulk density (soil compaction), ovendried soil mass, and air-dried soil mass. Results from this study have implications that could
impact how growers manage fragipan soils in Kentucky, as well as improve soil drainage, crop
production, and sustainable agriculture.

Contents
1. Defining a Fragipan
1.1 What is a Fragipan?
1.2 Causes of Fragipans
1.3 Fragipan Genesis
2. Literature Review
2.1 Annual Ryegrass and Fragipan Studies
2.2 Microbial Activity and DHPPA
3. Biological Remediation Experiment
3.1 Methodology
3.2 Study Sites
4. Results and Discussion
4.1 Bulk Density
4.2 Oven-Dried Soil Mass
4.3 Air-Dried Soil Mass
4.4 Discussion
5. Conclusion
6. Limitations and Further Research
6.1 Limitations
6.2 Further Research
7. References

i

Figures
Figure 1. Bird’s-Eye-View of Btx Horizon……………………………………………………….4
Figure 2. Sporadic Nature of Fragipan in Calloway-Kirk Soil Complex at Murray State
University Pullen Farm……………………………………………………………4
Figure 3. Giddings Soil Probe Extracting Sample of Fragipan at Site B at Murray State
University West Farm……………………………………………………………12
Figure 4. Soil Core of Fragipan Transition After Extraction at Site C…………………………..12
Figure 5. Experimental Samples After Application of Treatments………………………...……13
Figure 6. Bulk Density Analysis of Bt Horizon with Every Treatment…………………………14
Figure 7. Bulk Density Analysis of Btx Horizon Treated with Annual Ryegrass……………….14
Figure 8. Bulk Density Analysis of Btx Horizon Treated with Various Bacteria Species………15
Figure 9. Bulk Density Analysis of Btx Horizon Treated with Various Bacteria Species and
Annual Ryegrass…………………………………………………………………15
Figure 10. Weeks 2 and 8 Bulk Density Measurements for Each Treatment……………………16
Figure 11. Bulk Density Measurements Across All Treatments Week 4………………………..17
Figure 12. Bulk Density Measurements Across All Treatments Week 6………………………..17
Figure 13. Oven-Dried Mass Analysis of Bt Horizon with Every Treatment…………………...21
Figure 14. Oven-Dried Mass Analysis of Btx Horizon with Annual Ryegrass Treatment….…..22
Figure 15. Oven-Dried Mass Analysis of Btx Horizon with Various Bacteria Species………....22
Figure 16. Oven-Dried Mass Analysis of Btx Horizon with Annual Ryegrass Treatment and
Various Bacteria Species….……………………………………………………………………..23
Figure 17. Air-Dried Mass Analysis of Bt with All Treatments …………….…………………..27
Figure 18. Air-Dry Mass Analysis of Btx Horizon with Annual Ryegrass ……………………..28
ii

Figure 19. Air-Dry Mass Analysis of Btx Horizon with Various Bacteria Species …………….29
Figure 20. Air-Dry Mass Analysis of Btx Horizon with Various Bacteria Species and Annual
Ryegrass………………………………………………………………………….30

iii

Tables
Table 1. Interpretation of Bulk Density ANOVA Summary..………..………………………….18
Table 2. Complete ANOVA Formulation for Bulk Density Data……………………………19-20
Table 3. Interpretation of Oven-Dry Mass ANOVA Summary.…………………………………23
Table 4. Complete ANOVA Formulation for Oven-Dry Data...……………………………..24-25
Table 5. Interpretation of Air-Dry Mass ANOVA Summary...………………………………30-31
Table 6. Complete ANOVA Formulation for Air-Dry Data…...…………………………….31-32

iii

1. Defining a Fragipan
1.1What is a Fragipan?
Agriculture has evolved over the course of human history. Throughout this evolution,
farming practices, land use, soil use, and management practices have changed. There was a time
when producers constantly cultivated heavily, dragging moldboard plows across productive soils
for the purpose of weed and residue control, unknowingly losing valuable topsoil and destroying
the soil microbiome that lay beneath their feet. Today, minimum-tillage practices are becoming
more popular and more understanding of the benefits of soil microorganisms is being obtained
every day. This is just one example of how the constant acquisition of knowledge of natural
sciences, processes, and relationships has been used to benefit producers, the human population,
and the environment in and around which farming operations take place.
There is one specific natural soil process that plagues many growers. This natural process
is the formation of a fragipan layer. A fragipan is a layer that is 15 cm or more in thickness, has a
coarse prismatic, columnar, blocky, or massive structure, has a firm or firmer rupture-resistance
class in more than 60% of its volume, and contains virtually no roots (Bockheim and Hartemink,
2013). Fragipans almost exclusively develop in the B horizon of soils, occurring typically 50100 cm below the soil surface. Fragipans occur in specific soil types found in Kentucky,
Missouri, New York, Mississippi, Pennsylvania, Arkansas, Illinois, Ohio, Indiana, and
Tennessee. Yields under row cropping systems are limited due to restricted water movement and
restricted root development, nearby waterways are affected through increased sedimentation due
to increased runoff, and soil chemical processes are impeded that could be taken advantage of by
all vegetation, whether that is native vegetation or vegetation used for production (Graveel et. al.,
2002).
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1.2 Causes of Fragipans
The main cause of fragipans under certain soil series remains unknown. The genesis of
fragipan layers has been narrowed down to a few common factors that influence formation. In
Western Kentucky, the primary parent material is loess (Muhs, et. al., 2001). Loess is a
windblown silty substance that influenced the formation of soils in the Eastern Midwest and
Northern Midsouth region of the United States. 41% of fragipan-influenced soils appear where
the parent material is loess. Another 20% of fragipan soils is where the parent material is lowlime tills. Also, a trend of fragipan soils is that they do not occur where the soil texture contains
large percentages of clay or sand. 70 % of fragipan soils occur under loam, silt loam, or silty clay
loam (Bockheim and Hartemink, 2013). It has also been concluded that fragipans largely occur
under weather conditions where precipitation exceeds evaporation for the majority of the year.
Fragipan soils can occur on any slope class between 0-25% but is most common on slope classes
from 0-12%. The time it takes to form a fragipan is not well understood but is estimated to be
about 18,000 years (Bockheim and Hartemink, 2013).
Fragipan soils tend to occur under forested areas. These areas can include sites that are
actively forests or were previously forests. It is unknown the role that vegetation found in these
forests plays in the formation of a fragipan. Western Kentucky primarily contains alfisol soils.
Soils that are categorized in this soil order were commonly formed under forest vegetation. The
actual formation of a fragipan, however, is caused by an extreme case of clay eluviation.
The B horizon in a soil profile generally has abundant clay particles that make up its soil
texture. When a fragipan forms, a portion of this clay is moved down the horizon by water
percolation. This causes the clay to deposit itself and become tightly packed with the alreadypresent clay that had formed below its original placement. This creates a highly dense layer in
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the soil that is the fragipan. Typically, fragipans form in a prismatic pattern with gray seams
separating the prisms, as seen in Figure 1. These gray seams between fragipan prisms do not
exhibit extreme compaction similar to the fragipan prism. These gray seams allow for minimal
water movement as well as root growth within the Btx horizon.
The fragipan layer restricts water movement as well as root growth. Above the layer,
water tends to collect, causing anaerobic conditions that could be harmful for plant roots. When
this water sits on top of the fragipan layer, it has the tendency to churn as surface pressure
changes due to additional rain and surface traffic. The pressure that this churning applies to the
subsurface horizons aids in fragipan formation and increases the effects of the fragipan, as the
clay below becomes more tightly packed and additional clay is eluviated. The impacts of this
water behavior can be seen when looking at the profile of a soil series in which a fragipan is
present. Sporadic gray/white horizontal bands are visible in Figure 2. This is due to removal of
the heavy soil metals, primarily iron oxides which give soils a reddish color, as well as the nature
of the soil texture in small portion of the profile. A prominent horizonal white layer in the soil
profile is referred to as a glossic layer. A glossic layer lacks clay particles and iron oxides, giving
it the white appearance and causing its soil structure to become very loose and fragile. The
fragile nature of the glossic regions is due to the low concentration of negatively charged
flocculating agents, primarily humus and clay particles, in its composition.
As the clay eluviates, the soil texture in the portion of the soil profile where the clay has
exited is changed with the primary component consisting of silt particles. From an overhead
view, these margins can also be seen surrounding the perimeter of the fragipan prisms. This is
due to the same water patterns that occur on top to create the glossic layer, causing the clay
particles to be packed from the sides and making the fragipan denser over time. The fragipan
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portion of Bx/E or Bx soil horizons exhibits acidic characteristics as well as very compact and
brittle nature. Its brittle nature comes from the lack of adequate or healthy soil aggregation. Clay
films usually form on the surfaces of the fragipan prisms. This soil acidity makes fragipan layers
unproductive due to the lack of available nutrients. However, since clay films and high bulk
density is exhibited, root growth cannot exist at large within the fragipan layer.

Figure 1. Bird’s-Eye-View of Btx Horizon, this image is courtesy of the Mayfield Natural
Resource Conservation Service.

Figure 2. Sporadic Nature of Fragipan in Calloway-Kirk Soil Complex at Murray State
University Pullen Farm.
1.3 Fragipan Genesis
There are numerous theories about the actual cause of the genesis of a fragipan. Some
suggest the formation is triggered by earthquakes, others suggest that they are formed due to
prior permafrost. There is also evidence suggesting the presence of a discontinuity in the
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formation process of a soil can create a fragipan (Bockheim and Hartemink, 2013). This would
explain the reason why so many fragipan soils occur in soils where the parent material is loess,
since loess was windblown and deposited to become the new parent material over whatever soil
forming processes that were already taking place. All of these theories may be true, as they all
have affected the soils of West Kentucky as well as soils in the other states where fragipans are
common.
However, in Missouri, soils that have been positively identified as fragipan-containing
soils generally do not have a very extreme heavy or light loess deposit. This is contradicting to
what is seen in other regions and adds skepticism to the claim that discontinuities in parent
material during formation causes fragipans to form. Nevertheless, there are a few factors that
must have been present prior to fragipan development. These include alternating wet and dry
conditions, a soil susceptible to leaching, substantial soil acidification, and lessivage. Lessivage
is eluviation of clay particles from an area in the soil profile (Aide, 2021). After these
parameters are met, a soil could, then, potentially develop a fragipan. Whichever theory or
combination of theories may be correct, the fact of the matter stands that these processes are
practically unstoppable with the resources available to humans today. In the future, the most
feasible and applicable solution to fragipan is to focus on remediation of this yield-robbing soil
characteristic (Graveel et. al., 2002). A solution to remediate fragipan in certain soil series will
allow for long-term relief to this problem.
2. Literature Review
2.1 Annual Ryegrass and Fragipan Studies
Inspiration for a University of Kentucky study on Annual Ryegrass’ effects on fragipan
came from an incident that occurred in Southern Illinois as well as additional incidences. Annual
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ryegrass (Lolium multiflorum) was planted as a cover crop over a fragipan-plagued soil.
Following this cover crop, the next season’s corn yielded higher than the county average in that
field. Seeing this, the University of Kentucky Lab was intrigued and decided to study the
relationship between annual ryegrass roots and the fragipan complex.
The University of Kentucky has studied this complex and published numerous documents
on the unique interaction between ryegrass roots and fragipan. Evidence shows that Annual
Ryegrass roots grow to the depth of the fragipan and work to reduce the impacts of the hardpan
in subsequent years through a reduction in bulk density of the Btx horizon (Matocha, et. al.,
2018). While fragipan is described as limiting or completely prohibiting root growth, roots
pressing against and pressuring these hard prisms can eventually break parts of the fragipan
loose. The physical degradation of the fragipan certainly impacted the fragipan layer. It was
determined that annual ryegrass materials were able to hinder the soil structure of the fragipan
layer (Karathanasis et al., 2014). However, there was another explanation why annual ryegrass
specifically was more efficient when alleviating the effects of a fragipan soil.
The soil solution, or water that occupies the pores in and around soil aggregates, was
evaluated to see the release of certain nutrients or compounds out of the bondage that may have
held them in the soil profile. It was found that after annual ryegrass was used as a cover crop,
there was more Fe and Al in the soil solution around the fragipan layer when compared to the
control. Concentrated iron and aluminum pools are thought to be a key component of a fragipan
layer’s makeup. Knowing this led to a realization that annual ryegrass had a special ability other
than putting physical stress on a hardpan layer. Results show that annual ryegrass produces a
couple root exudates that may be responsible for this. Azelaic acid and 3-(3,4 Dihydroxyphenyl)
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propionic acid (DHPPA) were also found exclusively in the annual ryegrass samples (Smith,
2020).
2.2 Microbial Activity and DHPPA
The relationship between the chemical 3-(3,4 Dihydroxyphenyl) propionic acid, or
DHPPA, and the fragipan layer was proven through the University of Kentucky study. The next
step on the path to fragipan remediation is to find an efficient route to deliver this chemical to the
soil complex. It has already been shown that annual ryegrass cover crops can introduce DHPPA
to interact with the fragipan layer, however, this raises a few concerns.
First, in Western Kentucky, wheat production is often a part of a crop rotation and is
usually planted every other year in conjunction to corn and soybeans. This would leave growers
with a hard decision to make. The question would be, which would be more beneficial to a
farming operation, a wheat crop of annual ryegrass crop? The answer is clear to any Western
Kentucky grower. Row cropping acres and grain harvests constantly produce more income for a
farming operation than would an annual forage like annual ryegrass in this area of the country.
“At conservative figures of 50 bushels per acre in Wheat at $7.50 per bushel, growers are
averaging at least $350 of total income per acre off of wheat harvest,” says Ryan Brewer, Murray
State University Undergraduate Agriculture Business Student. This is not even to mention the
benefits of the straw that can be harvested from the wheat crop. Since other monocots produce
DHPPA, wheat could also do the same, but this chemical has been recorded being exuded under
some form of stress due to excess iron of aluminum. This could result in serious yield losses in a
wheat crop. Also, like wheat, there is an annual cost to seed annual ryegrass, but the annual
ryegrass shows less financial promise in most Western Kentucky crop rotations than small grains
such as wheat, barley, or rye. In systems where small grains may not be in order, there still may
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be more beneficial options for cover crops. Forage radishes and turnips are both extremely
proficient at alleviating surface compaction. Legume cover crops such as various types of
vetches can add a boost of nitrogen to soils going into the Spring due to their nitrogen fixing
capabilities. While both of these options could be used in a mixed stand with annual ryegrass,
that typically would lower the seeding rate recommendation for both crops, allowing for overall
less DHPPA to be produced and less of an impact on the fragipan layer.
While monocot roots produce DHPPA as a stress response, DHPPA is also synthesized in
the digestive tract of humans. Certain bacterial species, including Bifidobacillus, Lactobacillus,
and Escherichia coli work together to metabolize chlorogenic acid and excrete DHPPA.
Chlorogenic acid, or caffeic acid, can be found in organic substances such as coffee grounds, tea
grounds, and various fruit skins. This quote from Raimondi, S. et. al. (2015) explains the
behavior of Bifidobacillus when in the presence of chlorogenic acid: “Dihydrochlorogenic acid
(DHPP-QA) was suggested to be hydrolyzed to dihydrocaffeic acid (DHPPA) by esterase
activity (Tomas-Barberan et al., 2014)…”.This same process happens in other bacterial species
as well. Lactobacillus, Bifidobacillis, and Escherichia coli species also inhabit our soil. Another
study also looked at a Bifidobacterium species probiotic and its effects at metabolizing
chlorogenic acid into DHPPA in humans. This pathway was monitored to show that chlorogenic
acid is used at a higher rate when a probiotic of Bifidobacillus is used. It shows that DHPPA is a
common product in the conversion of chlorogenic acid into phenyl-acetic acid, which used in the
human liver and blood plasma (Tomas-Barberan, et. al., 2014) (DrugBank Online, 2015).
This experiment monitored the bulk density of fragipan samples over time after their
introduction of various bacterial species, coffee and tea grounds, and annual ryegrass.
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3. Biological Remediation Experiment
3.1 Methodology
The goal of setting up this experiment to measure bulk density was extracting a sample of
fragipan that was large enough to measure bulk density on, yet still easy to extract. With help
from the Mayfield Natural Resource Conservation Service, soil cores sized 2 inches in diameter
were extracted using a Giddings soil probe on September 2, 2022. Three locations on Murray
State University’s West Farm were sampled to a depth of approximately 50 inches. The cores
were divided into 6-inch sections, starting at the top of the fragipan layer. These 6-inch sections
were separated and used to randomly assign treatments. Treatments included control (all
treatments applied to Bt soil horizon) (T0), annual ryegrass (Lolium multiflorum) applied to Btx
horizon (T1), various bacteria species with coffee and tea grounds applied to Btx horizon (T2),
and various bacteria species with coffee and tea grounds and annual ryegrass applied to Btx
horizon (T3). Each treatment was replicated 3 times, watered biweekly, and kept in a
temperature-controlled environment in the soil science laboratory. Applications of treatments
were applied on September 20, 2022, as well as November 1, 2022. Even though Bifidobacillus,
Lactobacillus, and Escherichia coli naturally inhabit the soil, these bacteria were also introduced
to ensure adequate populations were present. In treatments that required these bacteria, Allergy
Research Group’s BifidoBiotics caps, containing 2.44 billion colony forming units of various
strains of lactobacillus and 3.46 billion colony forming units of various strains of
Bifidobacterium, were broken and applied to the topsoil along with approximately 1 cubic
centimeter of nutrient agar colonized by E. coli. These were watered immediately with 200 ml of
water each. In treatments that required ryegrass seed, approximately one tablespoon of ryegrass
seed was broadcasted and covered lightly with extra topsoil. In treatments that required tea
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grounds and coffee grounds, 10 grams of Folgers coffee grounds were added, and one Lipton tea
package was added as well. All of these treatments were applied to 250 grams of topsoil that
rested in a clay pot on top of a cheesecloth barrier. This cheesecloth barrier allowed for direct
biological interactions to take place between the ryegrass roots, microbiota, and fragipan
samples, as well as water percolation to transfer any DHPPA that was synthesized within the
topsoil to translocate by water to the fragipan sample. Over the course of 8 weeks, these samples
were extracted from the pots, keeping the topsoil undisturbed, and one-inch sections were
removed from the core to measure the bulk density, oven-dry mass, and air-dry mass of the
sample. Bulk measurements were oven dried for 8 hours, then weighed, and divided by the
volume of the subsample, which was 51.455 cubic centimeters. Oven-dry mass was taken by
oven-drying the subsamples for 8 hours, then weighing each of them. The air-dry subsamples
were allowed to dry in a temperature-controlled environment for 24 hours, then the mass was
measured. The air-dry masses were always compared to the average weekly projected air-dry
weight, which was calculated by measuring the air-dry weight of the whole sample prior to
treatment application. Data from this study was statistically analyzed using Microsoft Excel.
Analysis of Variants (ANOVA) was performed in addition to bar graphs with standard error
were created to visualize significant differences among treatments
3.2 Study Sites
All three soil cores were extracted from the Murray State University’s West Farm located
at 2101 College Farm Road, Murray, Kentucky, 42071. Three sites were sampled and labeled
Site A, Site B, and Site C. Site A is located at 36°36’40’’ N 88°20’57’’ W. A 2-inch core was
extracted from 0 inches to 48 inches deep using the Giddings Soil Probe. A portion of the Bt
horizon was extracted to serve as a control for the experiment. This was taken from 12-18 inches.
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The fragipan layer in this sample began at a depth of 26 inches. Therefore, the underlying soil
was separated into 6-inch sections and separated between the treatments to ensure proper
randomization across all treatments. Site B is located at 36°37’8’’ N 88°20’53’’ W. This sample
was taken at a depth from 0 inches to 46 inches. In this sample, the fragipan layer began at 24
inches. Figure 3 shows a soil core being extracted at Site B. Site C is located at 36°37’17’’ N
88°21’1’’ W. The sample was taken at a depth from 0 inches to 50 inches. The fragipan layer
started at 36 inches at site C. Figure 4 shows the soil core immediately after extraction at site C.
All of these samples were taken from a Grenada Silt Loam soil series on a 0-2 percent
slope. The drainage class for this soil series is described as “moderately well drained” by the
United States Department of Agriculture. This classification is given due to the description given
of the fragipan formation in this specific soil series. From 24 inches to 50 inches, this soil series
contains a Btx/E1, Btx/E2, and Btx/E3 soil horizon. A soil horizon in the description of a soil
series containing two horizons written like this, it indicates that the actual properties act like both
a Btx and E horizon and are indistinguishable. This is due to the sporadic nature of the fragipan
formation. From the top down, the fragipan does not form starting at any specific depth, nor does
it instantly change from Bt to Btx consistently either. This inconsistency creates problems with
fragipan management. In one field, a Grenada Silt Loam soil may exhibit more characteristics
similar to E1 and E2 from 24 inches to 42 inches, lessening the impact of the fragipan layer.
However, in another field with a Grenada Soil Series, or even within the same field, this same
soil depth may reflect more resemblance to Btx. A fragipan that is significant at a depth of 24
inches will severely limit root growth and have major negative effects on water percolation rates.
This spatial variation of subsoil composition has made soil management over fragipan soils
extremely difficult.
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Figure 3. Giddings Soil Probe Extracting Soil Core at Site B at Murray State University West
Farm.

Figure 4. Soil Core of Fragipan Transition After Extraction at Site C at Murray State University
West Farm.
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Figure 5. Experimental Treatments After the Application of Treatments
4. Results and Discussion
4.4 Bulk Density
The bulk density was recorded every 2 weeks after initial application of each treatment.
While there can be comparisons made between treatments and between different weeks in each
treatment, a projected value of each fragipan core could not be made without compromising the
integrity of the sample. Each of the statistical analyses for bulk density used bar graphs to
visualize data as well as an ANOVA to determine significant differences. The bulk density data
for T0 is presented in Figure 6. For T0, there was little statistical differences between the bulk
densities over the 8-week period. The exception here is the average bulk density in Week 6 was
significantly lower than that of Weeks 2 and 8.
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Bulk Density (g/cubic cm.)

Bulk Density for T0
1.2
1.1
1
0.9
0.8
0.7
0.6
Week 2

Week 4

Week 6

Week 8

Weeks After Initial Application

Figure 6. Bulk Density Analysis of Bt Horizon with Every Treatment.
In T1, there was also little significant differences over the course of the 8-week period.
The data for this is illustrated in Figure 7. The sole statistical difference seen here is the bulk
density in Week 4 is statistically lower than that of Week 6, however, is not statistically lower
than the bulk densities in Weeks 2 or 8. Seeing this, it was concluded that in this experiment,
annual ryegrass had no significant effects on the bulk density of fragipan over an 8-week
interval.

Bulk Density (g/cubic cm.)

Bulk Density for T1
1.2
1.1
1
0.9
0.8
0.7
0.6
Week 2

Week 4

Week 6

Week 8

Weeks After Initial Application

Figure 7. Bulk Density Analysis of Btx Horizon Treated with Annual Ryegrass.
In T2, an unexpected result arose, which can be viewed in Figure 8. The bulk density of
Week 6 was significantly higher than that of Weeks 2 and 4. The bulk density of Week 8 was
significantly higher than that of Week 2 as well. This result was the opposite of the hypothesis of
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this experiment. The expectation for this treatment was for the bulk density to decrease over
time. However, reasonings for this phenomenon could include poor placement of the fragipan
sample under the topsoil, resulting in uneven distribution of percolated soil solution, more
glossic components toward the top of the fragipan sample compared to the bottom, or death of
active microbes in the topsoil.

Bulk Density (g/cubic cm.)

Bulk Density for T2
1.2
1.1
1
0.9
0.8
0.7
0.6
Week 2

Week 4

Week 6

Week 8

Weeks After Initial Application

Figure 8. Bulk Density Analysis of Btx Horizon Treated with Various Bacteria Species.
In T3, the only statistical significance seen was between Weeks 2 and 8, seen in Figure 9.
The Week 8 bulk density was, again, significantly higher than the bulk density recorded during
Week 2. This was likely due to the same factors suggested for T2.

Bulk Density (g/cubic cm.)

Bulk Density of T4
1.2
1.1
1
0.9
0.8
0.7
0.6
Week 2

Week 4

Week 6

Week 8

Weeks After Initial Application

Figure 9. Bulk Density Analysis of Btx Horizon Treated with Various Bacteria Species and
Annual Ryegrass.
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Comparing the first and last bulk density measurements within each treatment allows for
the effects each treatment had on its given soil sample to be seen (Figure 10). Here, it is
reiterated that when bacteria species were introduced to the Btx in this experiment, there was a
significant increase in bulk density over the course of this timespan. When only Annual Ryegrass
was introduced to the Btx sample, the bulk density decreased between Weeks 2 and 8, but no
significant relationship was found. The bulk density of the Bt sample remained seemingly
unchanged between Weeks 2 and 8, and no significant difference was found.

Bulk Density (g/cubic cm.)

First and Last Bulk Densities
1.2
1.1
1
0.9
0.8
0.7
0.6
T0

T1

T2

T3

Treatment
Week 2

Week 8

Figure 10. Weeks 2 and 8 Bulk Density Measurements for Each Treatment.
In Figure 10, it is shown that the bulk densities in Week 2 across all treatments show no
significant differences. This allows for the direct comparison of bulk densities within each week
across all treatments. Weeks 2 and 8 have already been analyzed in Figure 10, so Figures 11 and
12 show the bulk densities of all the treatments in Weeks 4 and 6 respectively.
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Bulk Density (g/cubic cm.)

Bulk Density Week 4
1.2
1.1

1
0.9
0.8
0.7
0.6
T0

T1

T2

T3

Treatment

Figure 11. Bulk Density Measurements Across All Treatments Week 4.

Bulk Density (g.cubic cm.)

Bulk Density Week 6
1.2
1.1
1
0.9

0.8
0.7
0.6
T0

T1

T2

T3

Treatment

Figure 12. Bulk Density Measurements Across All Treatments Week 6.
The bulk densities across all treatments 4 weeks after application were drastically similar.
Looking at the graph, there was clearly no significant difference between treatments in Week 4.
In Week 6, T0 showed the lowest bulk density, being significantly lower than all other samples in
each treatment. Between the three fragipan samples, there was no significant difference shown in
bulk density 6 weeks after initial application of treatments.
An ANOVA was completed through Microsoft Excel to confirm the fact that not much
significance was found across this study. Using standard error on a bar graph allows for careful
examination and comparison of each treatment individually. Trends may be shown using these
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graphs, and one week in a treatment may have shown a significantly lower bulk density than the
week prior, but the ANOVA formula takes all the raw data into consideration and provides
insight on the significance of these values and whether they can be deemed to have some degree
of relationship.
Table 1 is a summary and interpretation of Table 2. Table 2 is a complete ANOVA
analysis completed through Microsoft Excel. Table 1 shows an interpretation of the relationships
of the data set. Within the ANOVA, the important value when looking for statistical differences
is the p-value. The smaller the p-value, the stronger the relationship is across all the data being
examined. If the p-value is less than 0.05, the data can be described as having a significant
relationship. Looking at the summary of the ANOVA in Table 1, the data across treatments,
within the same treatment over tested time intervals, across the whole data set, or over time
showed no p-values less than 0.05, meaning the data collected for bulk density over this study
showed no significant differences at large.
ANOVA
Comparison

p-value

Relationship

Within Every Treatment

0.62032956

Not Significant

Across Treatments, Same Week

0.58905591

Not Significant

Whole Experiment

0.66672071

Not Significant

Over Time

0.70773588

Not Significant

Table 1. Interpretation of Bulk Density ANOVA Summary
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Anova: Two-Factor With Replication

SUMMARY

Week 2

Week 4

Week 6

Week 8

Total

Count

3

3

3

3

12

Sum

2.6354095

2.59051624

2.19666044

2.75133518

10.1739214

Average

0.87846983

0.86350541

0.73222015

0.91711173

0.84782678

Variance

0.0152254

0.06292044

0.00774016

0.00935432

0.02259373

Count

3

3

3

3

12

Sum

2.95174182

2.58917527

3.05085682

2.69398452

11.2857584

Average

0.98391394

0.86305842

1.01695227

0.89799484

0.94047987

Variance

0.0854003

0.00043543

0.03510766

0.02167935

0.03016785

Count

3

3

3

3

12

Sum

2.36262948

2.51917288

3.04763073

3.08552764

11.0149607

Average

0.78754316

0.83972429

1.01587691

1.02850921

0.91791339

Variance

0.0497746

0.05474885

0.00299467

0.02183525

0.03577467

Count

3

3

3

3

12

Sum

2.47783609

2.73487432

2.77117762

2.89664554

10.8805336

T0

T1

T2

T3
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Average

0.82594536

0.91162477

0.92372587

0.96554851

0.90671113

Variance

0.00216807

0.06788217

0.03402469

0.02923134

0.02704621

Count

12

12

12

12

Sum

10.4276169

10.4337387

11.0663256

11.4274929

Average

0.86896807

0.86947823

0.9221938

0.95229107

Variance

0.03368074

0.03456267

0.02920713

0.01770113

SS

df

MS

F

P-value

F crit

Sample

0.05621748

3

0.01873916

0.59902686

0.62032956

2.90111958

Columns

0.06095612

3

0.02031871

0.64951957

0.58905591

2.90111958

Interaction

0.20940547

9

0.02326727

0.74377523

0.66672071

2.18876577

Within

1.00104542

32

0.03128267

Total

1.32762448

47

Time

0.27036159

12

0.72021132

0.70773588

Total

ANOVA
Source of
Variation

0.02253013

Table 2. Complete ANOVA Formulation for Bulk Density Data
4.2 Oven-Dried Soil Mass
The analysis of the oven-dried soil was also done though bar graphs with standard error
as well as ANOVA. Similar to the bulk density measurements, a comparable projected average
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oven-dried mass for each core could not be obtained without compromising of the integrity of
the sample. For this reason, this oven-dried soil data is complementary to the bulk density
measurements, as they do correlate very strongly. Therefore, everything that can be determined
from the bulk density figures can be seen in the oven-dried analysis.
In T0, similar to the bulk density data, the oven-dry mass of the subsamples during Week
6 showed a significantly lower value than that of Weeks 2 and 8. Across all other weeks, no
statistical difference was recorded. There was no correlation between oven-dried mass and time
in this treatment. This is shown in Figure 13.

Oven-Dried Mass (g)

Oven-Dried Mass of T0
55
50
45
40
35
30
25
20
Week 2

Week 4

Week 6

Week 8

Weeks After Initial Application

Figure 13. Oven-Dried Mass Analysis of Bt Horizon with Every Treatment.
The oven-dried mass analysis shown in Figure 14 displays little significant difference
between weeks on fragipan subsamples treated with annual ryegrass only. The only difference
occurred in Week 4 where the oven-dried mass was significantly lower than that in Week 6.
Overall, however, no correlation in this study between annual ryegrass and oven-dry mass over
an 8-week timespan can be concluded.
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Oven-Dried Mass (g)

Oven-Dried Mass of T1
65
60
55
50
45
40
35
30
25
20
Week 2

Week 4

Week 6

Week 8

Weeks After Initial Application

Figure 14. Oven-Dried Mass Analysis of Btx Horizon with Annual Ryegrass Treatment.
The oven-dried mass for T2 exhibited a statistically higher value in Week 6 when
compared to Weeks 2 and 4, as well as a higher value in Week 8 when compared to Week 2.
Figure 15 gives an illustration of this data. Similar to the bulk density analysis, this was
surprising, given the hypothesis of this study was that the bulk density of the samples would
decrease over time when introduced to the microbial activity of these specific species in the
presence of chlorogenic acid containing materials.

Oven-Dried Mass (g)

Oven-Dried Mass of T2
60
55
50
45
40
35
30
25
20
Week 2

Week 4

Week 6

Week 8

Weeks After Initial Application

Figure 15. Oven-Dried Mass Analysis of Btx Horizon with Various Bacteria Species.
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In T3, every 2 weeks, the average oven-dried mass increased, but was not significant until
Week 8. In Week 8, the oven-dried mass was significantly higher than the Week 2 measurement.
Figure 16 gives insight on this occurrence. This phenomenon should be studied on a longer basis
with more applications of bacteria and chlorogenic acid-containing materials.

Oven-Dried Mass (g)

Oven-Dried Mass of T3
60
55
50
45
40
35
30
25
20
Week 2

Week 4

Week 6

Week 8

Weeks After Initial Application

Figure 16. Oven-Dried Mass Analysis of Btx Horizon with Annual Ryegrass and Various
Bacteria Species.
An ANOVA analysis was also done to the oven-dried data set, given in Table 4. This was
done to strengthen the findings of the bar graphs and interpretations of those graphs that there
were little significant differences in the oven-dried mass over the course of this study. A
summary and interpretation of relationships determined by the ANOVA is given in Table 3.
ANOVA
Comparison

p-value

Relationship

Within Every Treatment

0.62032956

Not Significant

Across Treatments, Same Week

0.58905591

Not Significant

Whole Experiment

0.66672071

Not Significant

Over Time

0.70773588

Not Significant

Table 3. Interpretation of Oven-Dry Mass ANOVA Summary
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Anova: Two-Factor With Replication

SUMMAR

Week 2

Week 4

Week 6

Week 8

Total

Count

3

3

3

3

12

Sum

135.606

133.296

113.03

141.571

523.503

Average

45.202

44.432

37.6766667

47.1903333

43.62525

Variance

40.311619

166.591708

20.4932863

24.7670263

59.82042057

Count

3

3

3

3

12

Sum

151.883

133.227

156.983

138.62

580.713

Average

50.6276667

44.409

52.3276667

46.2066667

48.39275

Variance

226.110646

1.152873

92.9530163

57.3994603

79.87408457

Count

3

3

3

3

12

Sum

121.57

129.625

156.817

158.767

566.779

Average

40.5233333

43.2083333

52.2723333

52.9223333

47.23158333

Variance

131.786033

144.956134

7.92884633

57.8122303

94.71903208

3

3

3

3

12

Y
T0

T1

T2

T3
Count

24

Sum

127.498

140.724

142.592

149.048

559.862

Average

42.4993333

46.908

47.5306667

49.6826667

46.65516667

Variance

5.74031033

179.728639

90.0856923

77.3945463

71.60907015

Count

12

12

12

12

Sum

536.557

536.872

569.422

588.006

Average

44.7130833

44.7393333

47.4518333

49.0005

Variance

89.1750279

91.5100599

77.3304445

46.8665032

SS

df

MS

F

P-value

F crit

Sample

148.844554

3

49.6148514

0.59902686

0.620329561

2.90111958

Columns

161.390845

3

53.7969484

0.64951957

0.589055912

2.90111958

Interaction

554.4337

9

61.6037444

0.74377523

0.666720709

2.18876577

Within

2650.42414

32

82.8257543

Total

3515.09324

47

Time

715.824545

12

0.72021132

0.707735881

Total

ANOVA
Source of
Variation

59.6520454

Table 4. Complete ANOVA Formulation for Oven-Dry Data
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Table 3 shows the relationship of the data across various categories included in the data
set. Since no P-value was calculated under the value 0.05, the conclusion is that no significant
relationships were found regarding oven-dried data over the course of this study.
4.3 Air-Dried Soil Mass
While bulk density and oven dried weights of each of the samples were taken, air dried
mass was the only measurement compared to a projected measurement. All of the projected
measurements were derived from the whole 6-inch core. For example, the core from site A from
the fragipan layer from 26-32 inches was set out to air dry for 12 hours. After this interval, the
core was weighed at a mass of 295.9 grams. Since this core was divided onto 6 equal samples to
be evaluated. It was assumed that each sample from this core weighed 49.317 grams on average.
This was completed for each core to be able to compare the air-dried weights to the weights
following treatments. This could not be done for bulk density or oven-dried weights, as the oven
may have compromised the integrity of the samples and disrupted the soil microbiome prior to
the experiment being conducted. While these data sets will be added with the rest of the data
collected, it is not used in this study to draw any conclusions due to the absence of a control
value.
The first treatment was used as a control to best all of these products on a non-fragipan
portion of the soil. Cores were taken from the Bt horizon and were exposed to an inoculant of E.
Coli, Bifidobacillus, and Lactobacillus, tea and coffee grounds, and Annual Ryegrass. Figure 17
shows the average air-dry mass of the control treatments across each week.
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Air Dried Mass (g)

Air-Dry Mass of T0
70
65
60
55
50
45
40
35
30
25
20
Projected

Week 2

Week 4

Week 6

Week 8

Weeks After InitialApplication

Figure 17. Air-Dried Mass Analysis of Bt with All Treatments.
Looking at this graph, the only week that was significantly lower than the projected mass
was Week 6. However, after Week 6, the average mass in the sample returned within a range that
would conclude it not significantly different than the projected mass. Overall, this phenomenon
was expected to occur since the Bt horizon is inherently different than the fragipan horizon. The
clay structures are not as tightly paced, micropores and macropores are generally abundant, and
root growth still occurs within the Bt horizon, allowing for quicker dismissal of above leaching
water within the sample, lessening the effects of these treatment.
Samples that were exposed to T1 experienced one tablespoon of annual ryegrass
broadcasted on the top of topsoil. This treatment was done only on sections of the core that were
positively identified as fragipan. This portion of the experiment was done to simulate the
University of Kentucky’s study where they explained a positive relationship between annual
ryegrass. Figure 18 shows the average air-dry mass of the samples over each time interval during
the study.
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Figure 18 shows the same trend as what was seen in figure 17. In Week 4, there is a
significantly lower average in air-dry mass in the samples when compared to the projected value.
However, in the following weeks, the mass returned back to a range where it was not statistically
lower than the projected value. This treatment was aimed at simulating the study from the
University of Kentucky. Unfortunately, similar results from that research were not reached in
this study. From this data, it can be conlcuded that the annual ryegrass only treatment had no
effect on fragipan remediation in this study.

Air Died Mass (g)

Air-Dry Mass of T1
70
65
60
55
50
45
40
35
30
25
20
Projected

Week 2

Week 4

Week 6

Week 8

Weeks After Initail Application

Figure 18. Air-Dry Mass Analysis of Btx Horizon with Annual Ryegrass.
T2 in this study was used to test the effectiveness of various bacteria species on
fragpian remediation. This treatment was, also, done on fragipan-containing samples. While the
microbial products were applied only to the topsoil, these treatments were watered biweekly to,
hopefully, translocate any synthesized chemicals or bacteria that is inhabiting the topsoil to the
fragipan sample. Figure 19 shows the average air-dry weight of the T2 samples over the course of
this study.
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The results of this study remain outstanding, as an unusual set of events occurred.
Immediately after initial application of this treatment, there was a significantly lower air-dry
mass in the samples in Weeks 2 and 4 when compared to the projected value. However, after
this, the average air-dry weight returned to a range where it cannot be considered significantly
lower than the projected. Even after the second application of the treatments, the pattern was not
observed that was seen after the initial application of treatments. Since the average air-dried
mass returned back to a non-significantly different value than the projected value, it cannot be
concluded that this treatment was effective, however, further research should be done to try to
replicate the results from Weeks 2 and 4. All of this is displayed in Figure 19.

Air Dried Mass (g)

Air-Dry Mass of T2
70
65
60
55
50
45
40
35
30
25
20
Projected

Week 2

Week 4

Week 6

Week 8

Weeks After Initial Application

Figure 19. Air-Dry Mass Analysis of Btx Horizon with Various Bacteria Species.
T3 could be considered the premier of all treatments. T3 was also applied to cores of soil
that were identified as fragipan. Here, samples were introduced to the various bacteria species,
tea and coffee grounds, as well as annual ryegrass boradcasted on the topsoil. Figure 20 shows
the average air-dry weights over the 8 weeks of this experiment.
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Air-Dry Mass of T3
Air Dried Mass (g)

70
60
50
40
30
20
Projected

Week 2

Week 4

Week 6

Week 8

Weeks After Initial Application

Figure 20. Air-Dry Mass Analysis of Btx Horizon with Various Bacteria Species and Annual
Ryegrass.
A similar trend was seen in this experiment that was also seen in treatment 3. In Week 2
following initial application of the treatment, there was an observed significantly lower average
in air-dry mass compared to the projected value. However, after this, the values, again, returned
to a range that was unable to be recognized as significant. It is important to note that in both
treatments where the bacteria species were added to fragipan samples, the average air-dried
weight in Week 2 was approximately 80% that of the projected. With this being consistent across
all treatments, further research should be done to explain this pattern.
The ANOVA summary and interpretation as well as the complete ANOVA analysis for
data collected on air-dry fragipan samples are given in Tables 5 and 6 respectively. Since no pvalues occurred under .05, the relationships experimented in this study could not be concluded.
ANOVA
Comparison

p-value

Relationship

Within Every Treatment

0.30232845

Not Significant

Across Treatments, Same Week

0.60609083

Not Significant

30

Whole Experiment

0.70539718

Not Significant

Over Time

0.72968278

Not Significant

Table 5. Interpretation of Air-Dry Mass ANOVA Summary
Anova: Two-Factor With Replication

SUMMARY

Projected

Week 2

Week 4

Week 6

Week 8

Total

Count

3

3

3

3

3

15

Sum

136.716667

138.576

135.962

115.878

136.157

663.289667

Average

45.5722222

46.192

45.3206667

38.626

45.3856667

44.2193111

Variance

29.9784259

41.143492

176.194105

20.177191

10.0156763

48.1256348

Count

3

3

3

3

3

15

Sum

145.35

155.642

136.212

161.697

142.251

741.152

Average

48.45

51.8806667

45.404

53.899

47.417

49.4101333

Variance

25.7302778

238.488544

1.321612

96.346971

60.998341

70.5258922

Count

3

3

3

3

3

15

Sum

158.433333

123.938

132.398

160.113

162.428

737.310333

Average

52.8111111

41.3126667

44.1326667

53.371

54.1426667

49.1540222

Variance

0.03342593

137.13563

152.21412

7.298884

56.5917103

81.0558193

Count

3

3

3

3

3

15

Sum

156.716667

130.281

143.279

146.067

152.291

728.634667

Average

52.2388889

43.427

47.7596667

48.689

50.7636667

48.5756444

Everything
(Control)

Annual Ryegrass

Bacteria+Coffee+Tea

Everything
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Variance

7.76148148

5.554927

180.72655

93.463519

79.1103223

62.1011164

Count

12

12

12

12

12

Sum

597.216667

548.437

547.851

583.755

593.127

Average

49.7680556

45.7030833

45.65425

48.64625

49.42725

Variance

21.0117908

93.9289868

94.6980428

80.5035253

49.6929177

Source of Variation

SS

df

MS

F

P-value

F crit

Sample

267.638005

3

89.2126683

1.25626413

0.30232845

2.8387454

Columns

194.768586

4

48.6921465

0.68566716

0.60609083

2.60597495

Interaction

629.979476

12

52.4982897

0.73926405

0.70539718

2.0034594

Within

2840.57042

40

71.0142604

Total

3932.95648

59

Time

824.748062

16

0.72586483

0.72968278

Total

ANOVA

51.5467539

Table 6. Complete ANOVA Formulation for Air-Dry Data
4.4 Discussion
While some of these results showed promise that further research may show some
correlation between bacterial synthetization of DHPPA and fragipan remediation, ultimately,
these results were deemed non-significant across all trials. To support this, nested ANOVA
(Tables 2, 4, and 6) and bar graphs were conducted and constructed to analyze the raw data from
this study. Through this nested ANOVA, time was not found to be a significant factor in this
experiment through all parameters collected (Tables 1, 3, and 5). Further, there were no
significant differences within treatments, nor between the treatments (Tables 1, 3, and 5).
Looking to the future for additional research on this topic, a longer experimental timeline should
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be outlined to give the treatments more time to affect the fragipan samples and possibly bring
time as a factor in this study. Additionally, it would be worthwhile for future research to collect
water from the soil solution to analyze the concentration of DHPPA and silicates in the soil
solution in each treatment. It would also be important to research the rate at which these bacteria
species used in this study metabolize chlorogenic acid to ensure that an adequate level of this
compound is present in the topsoil and enough material is applied throughout the full span of the
experiment.
5. Conclusion
•

Significant differences were shown under the same treatments over the course of this study
from one week to another, but these significant differences were not frequent enough across
all trials to constitute a correlation.

•

Two weeks after microbial introduction, the air-dry-weight of fragipan soils exhibited lowerthan-projected values. After week 8, these bulk density, oven dried weight, and air-dried
weight values from microbially introduced treatments showed significantly higher values
than initial readings.

•

Annual ryegrass treatment (T1) was the only treatment that showed a decrease in bulk density
over the course of 8 weeks, tough was not statistically significant.

6. Limitations and Future Research
6.1 Limitation
This study was set to be conducted in the Spring of 2022. Treatments were to be applied
early in the Spring semester and to be analyzed biweekly until the final conclusion of this study
on November 15th. Various dates were set to meet with the Natural Resource Conservation
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Service Soil Scientists, but due to poor weather, excess soil moisture, and Summer employment
circumstances, accurate and representative samples of the fragipan horizon were unable to be
taken from the University farms until the beginning of the Fall semester. A longer study to show
the effects of these treatments on the fragipan over time is a possible improvement for further
research. Additionally, improvements on the preservation of the fragipan core can be made in
further research to certify that the treatments are accurately being applied to the sample as they
would in an in-field situation.
6.2 Future Research
One suggestion for further research is to secure the fragipan cores in a polyvinyl chloride
pipe and apply the treatments to the top of the fragipan and allowing water to carry the solution
down the profile naturally. This would allow for a beaker to be placed at the bottom of the
secured pipe and the solution can be collected and analyzed, as well as the amount of soil
removed from the undisturbed core by the soil solution could be measured. This would create a
better study, since mass cannot be created or destroyed. In this study, mass was removed from
the core into the bottom of the clay pot but was not measured after it was removed from the
undisturbed core. Additionally, further research should include treatments of chlorogenic acid
and DHPPA synthesized from chemistry labs. Due to supply chain shortages, these substances
were unable to be acquired for this study but were planned for in the original guidelines. Overall,
this research shows promise for further research, but found no significant findings over this 8week study. In-field studies in various locations where fragipan is present in conjunction with lab
examinations should also be completed in the future.
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